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Abstract
Optical logic has the potential to replace
electronics with photonic circuits in applica-
tions for which optic-to-electronic conversion is
impractical and for integrated all-optical cir-
cuits. Nonlinear optics in whispering gallery
mode resonators provides low power, scalable
methods to achieve optical logic. We demon-
strate, for the first time, an all-optical, univer-
sal logic gate using counterpropagating light in
which all signals have the same operating opti-
cal frequency. Such a device would make pos-
sible the routing of optical signals without the
need for conversion into the electronic domain,
thus reducing latency. The operating principle
of the device is based on the Kerr interaction
between counter-propagating beams in a whis-
pering gallery mode resonator which induces a
splitting between the resonance frequencies for
the two propagating directions. Our gate uses a
fused silica microrod resonator with a Q-factor
of 2× 108. This method of optical logic gives
a practical solution to the on-chip routing of
light.
1 Introduction
Fibre optic technology has underpinned the develop-
ment of internet communications over the last few
decades allowing the transmission of vast amounts
of information with reduced latency. However, there
are fears that internet latency and bandwidth limi-
tations will slow progress in developing real-time ap-
plications, particularly for what is often referred to
as the internet of things. Accordingly, methods to
increase internet speeds are of great interest and one
proposed solution is to reduce the latency associated
with optic-to-electronic conversion at network nodes
by keeping the signal in the optical domain [1, 2]. A
photonic processor will instead be used to route the
incoming signal to the correct output port [3], util-
ising optical logic gates in the process. Whispering
gallery mode (WGM) resonators [4] are a promising
candidate for optical logic gate architectures as their
high Q-factors and small mode volumes [5] allow for
the required nonlinear optical phenomena for only
modest input powers [6,7]. Furthermore, such devices
can be integrated on-chip using CMOS technology
and made from a wide range of materials, ensuring
scalability [8–10]. Optical logic gates have been pre-
viously demonstrated in WGM resonators, but with
associated issues that would prevent easy integration
into optical networks. These issues include: requiring
multiple operation frequencies [11–19], needing elec-
tronic control [20–24] or requiring pulsed inputs [25].
Here we present an all-optical, universal logic gate
in which all signals operate at the same frequency
in the telecom band. Such a device could be an im-
portant step in the development of scalable cascaded
logic for the all-optical routing of optical signals.
2 Concept
The optical Kerr effect leads to an intensity depen-
dent refractive index that becomes appreciable for
suitably intense input light [26, 27]. In particular,
for counter-propagating light, the refractive index
change is mediated by self-phase modulation (SPM)
– where the beam’s own intensity causes the change
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– and cross phase modulation (XPM) – where the
intensity of the counter-propagating light causes the
change. Note that in this work XPM is induced by a
counterpropagating light wave of the same frequency
in contrast to the more common case of XPM induced
by a co-propagating light wave with a different fre-
quency. Importantly, for dielectrics, XPM has twice
the effect of SPM, meaning two counter-propagating
beams of different intensities will experience different
effective refractive indices [28]:
∆n1,2 ∝ n2 (I1,2 + 2I2,1) (1)
where the subscripts i ∈ {1, 2} denotes the two
propagation directions clockwise (CW) and counter-
clockwise (CCW) respectively, ∆ni are the intensity-
dependent refractive index changes, n2 is the nonlin-
ear refractive index, and Ii are the propagating field
intensities.
For two counter-propagating inputs of dimension-
less powers p˜i, at cold-cavity detunings of ∆i, assum-
ing lossless coupling from the input waveguide, the
circulating field powers, pi, can be shown to obey
(See Appendix A for the normalisation process) [29]:
p1,2 =
p˜1,2
1 + (p1,2 + 2p2,1 −∆1,2)2
(2)
This phenomenon leads to a difference between the
resonance frequencies for both propagating direc-
tions. When pumped equally (p˜1 = p˜2, ∆1 = ∆2),
this resonance splitting leads to spontaneous symme-
try breaking for appropriate input powers and detun-
ings [29,30]. This effect has been used to demonstrate
optical isolators and circulators [31].
Here we deliberately pump the system asymmet-
rically to achieve the operation of a universal gate –
the A&B – which can be used to realise any boolean
computation when suitably cascaded, allowing for the
simple design of complex logical devices. Fig. 1(a)
shows the operating principle and truth table for a
A&B gate: the inputs A and B correspond to beams
coupled into the resonator, in opposite directions, via
an input waveguide. A second waveguide is then used
to out-couple the output of the gate which is only
high when input A is high and input B is low; the
output is otherwise low.
Trivially, the top two rows of the truth table are
satisfied because the output is taken from the res-
onator’s CCW propagating field which in turn is fed
from input A. Accordingly when A is low the out-
put is low.
When the input fields are resonant with the cav-
ity, the intracavity field will build up and this res-
onance condition is dependent on the refractive in-
dex of the medium due to its effect on the field’s
wavelength. However, (1) shows that two counter-
propagating fields of different intensities experience
different refractive indices. Accordingly, there is a
difference in the resonance frequencies for both prop-
agation directions due to the Kerr nonlinearity, as
shown in Fig. 1(b,c).
Figure 1(b) shows the case when the intensity of in-
put A is greater than that of B. There is a difference
in the resonance frequencies of the two propagation
directions, with the CW (blue) resonance being red-
shifted further than the CCW (red) due to the larger
refractive index shift from XPM. This has caused the
input A to become resonant with the cavity, with
a large proportion of its power being transmitted
through the cavity to the output, whilst the input
B is far detuned from its highly shifted resonance
leading to a significantly reduced coupling efficiency.
For Fig. 1(c), the intensity of input B is greater than
A and the opposite outcome occurs. A is now far de-
tuned from its shifted resonance and so the output is
well suppressed. Together, these allow the realisation
of the bottom two rows of the truth table provided
input B has some positive power offset in compari-
son with A. When A is high and B is low (row 3),
we have the same situation as shown in Fig. 1(b) and
the output is high. However, when both A and B are
high (row 4), the positive offset ensures that the out-
put is suppressed, as per Fig. 1(c). Accordingly, all
rows of the truth table are satisfied and thus this sys-
tem operates as an A&B gate. Also worthy of note is
that this concept works regardless of the choice of in-
put ports, so long as both inputs counter-propagate.
Accordingly, this gate can be reconfigured to work in
different directions with minimal changes required.
3 Experimental Setup
We use a 1.5 mm diameter, high-Q WGM microrod
resonator that has been machined from fused silica
in a CO2 laser lathe [32]. Subsequent surface re-
flow of the resonator, performed by reducing the CO2
laser power, improves the surface smoothness, giving
a quality factor Q0 ' 2× 108.
Light from an amplified 1.55 µm laser source is split
and coupled into both directions of the resonator via
a tapered optical fibre, see Fig. 2. A second tapered
fibre is used to out-couple the cavity field and is at-
tached to photodiodes to monitor the logic gate out-
put [33].
Both input branches are amplitude modulated by
a fibre-coupled Mach-Zender electro-optic modula-
tor (EOM) before having their polarisation matched
to that of the resonator mode to maximise the in-
2
Figure 1: Logic gate concept. (a) Two amplitude mod-
ulated input beams, A and B, are coupled into a WGM
resonator via a waveguide. A second waveguide couples
the light to the output port, with a beam blocker on
the remaining unused port. Nonlinear interactions of the
counterpropagating beams, mediated by the Kerr effect,
ensure that the output power is only high when input A
is high and input B is low. The associated truth table
is shown, which is equivalent to the universal gate A&B¯.
(b) For sufficiently high input powers, the nonlinear re-
fractive index leads to a splitting between the resonance
frequencies in the clockwise and counter-clockwise direc-
tions. The input laser can be tuned such that when input
power at A is higher than B, the resonator only supports
CCW propagation and consequently a high output, satis-
fying the third row of the truth table. (c) Likewise, when
the input power at B is higher than A, the CCW mode’s
resonance frequency is shifted such that A does not cou-
ple through the resonator and the output power is low,
satisfying the fourth row of the truth table. Trivially the
top two rows of the truth table are satisfied – when A is
low, the output is low.
coupled power. Directional couplers and photodiodes
are used to monitor the powers input and transmit-
ted through the tapered fibre in each direction, and
optical isolators ensure that the signals do not return
to the laser.
Custom waveforms are sent from a function gener-
ator to the EOMs, switching inputs A and B between
high and low values, representing the logical inputs
1 and 0 respectively. Input A is modulated between 0
and 35 mW, whereas input B is modulated between
15 and 50 mW. The bias on input B of 15 mW is
required to force the output into the low state when
both inputs are high.
4 Results
Figure 3 shows the photodiode outputs for an exper-
imental run. Fig. 3(a) shows that inputs A and B
were modulated by the same amplitude, but with B
having a positive offset in comparison to A, to ensure
output suppression when both inputs are high.
Figure 3(b) shows the output of the logic gate. It
correctly gives a high output only when the input A
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Figure 2: Experimental setup. A laser beam is split into
two branches, corresponding to inputs A and B. Each
input is independently amplitude modulated by a Mach-
Zender electro-optic-modulator (EOM) and has its po-
larisation matched to that of the resonant mode using
a polarisation controller (PC). They are then coupled in
opposite directions into a fused silica microrod resonator
via a tapered fibre, with directional couplers and photodi-
odes used to monitor the power input into and transmit-
ted through the tapered fibre in both directions. A second
tapered fibre is used to couple out the resonator field, and
is attached to photodiodes to monitor the output.
is high and input B is low. The laser frequency was
tuned in from the blue side of the resonance until this
correct signal was observed, at which point the res-
onator was thermally locked to the laser and no active
control was required to maintain correct operation.
There is a qualitative difference between the output
state change at∼ 1.8 ms and the changes at∼ 1.4 and
2.6 ms. The sharp state changes are due to the associ-
ated input being turned off, whereas the state change
at ∼ 1.8 ms is mediated solely by the nonlinear inter-
action between the counter-propagating beams, caus-
ing this qualitative difference.
The output is suppressed by 11 dB when both in-
puts are high. This suppression parameter is an im-
portant measure of how suitable the system is for
cascaded operation as subsequent gates need to dis-
tinguish between a “true” and a “false” high power
and is within a range that has previously been pre-
dicted for optical logic gates [16].
For the measurement, the output waveguide was
significantly undercoupled to the cavity in order to
maximise the nonlinear suppression effects for this
proof of principle, meaning only a small fraction
of the intracavity field was output to the photodi-
ode. For these low powers, electronic noise in the
photodoide is visible and does not indicate intensity
noise in the output beam.
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Figure 3: Demonstration of the all-optical logic gate.
Panel (a) shows the measured powers input into the ta-
pered fibres in both directions. Inputs A and B are both
amplitude modulated by the same amount, but with B
having a positive offset in order to suppress the output
when both inputs are high. Panel (b) shows the mea-
sured output field, which can be seen to be high only
when input A is high and input B is low, showing the
correct operation of an A&B gate. When both inputs are
high the output is not fully suppressed, which can be seen
by the slight increase between 0.5 and 1 ms. This residual
power and the proper output power together characterise
the suitability of the logic gate to be cascaded, with a low
residual power and a high signal power being optimal.
5 Performance Analysis
The performance of the logic gate can be charac-
terised by two parameters: total output attenuation
and low state suppression. This section will describe
the theoretical limits of the device performance.
A dimensionless time-dependent model is used to
calculate the circulating electric fields, ei [34]:
e˙1,2 = e˜1,2 −
[
1 + i
(|e1,2|2 + 2|e2,1|2 −∆1,2)] e1,2
(3)
where e˜i and ∆i are the input electric field and input
detuning from the cavity resonance in the i direction
respectively (i = 1(2) corresponds to the CCW (CW)
direction). Note that, as the input fields are from the
same source, ∆1 = ∆2. The circulating and input
electric fields are related to their respective dimen-
sionless powers by pi = |ei|2 and p˜i = |e˜i|2.
The input powers are given in terms of the modu-
lation amplitude and offset as:
p˜1 = PmA (4a)
p˜2 = Pm (B + ζ) (4b)
where A,B ∈ {0, 1} are the logical inputs, Pm is the
dimensionless input modulation amplitude and ζ ∈
(0, 1) is the modulation offset as a proportion of Pm.
An ideal logic gate will have an output power of Pm
when A = 1, B = 0. This requires a resonance con-
dition for this situation, which, examining (2), gives
the following detuning condition:
∆1,2 = Pm + 2p2,low (5)
where p2,low is the corresponding circulating CW field
which can be found as the solution to the cubic equa-
tion:
p2,low
(
1 + (Pm − p2,low)2
)
− ζ = 0 (6)
With this condition satisfied, the transmission effi-
ciency is limited by the intrinsic round-trip losses in
the resonator, which are small for the high-Q res-
onators here investigated, and by the power lost via
the through-port. The latter can be minimised to
zero in the limit of high over-coupling for both waveg-
uides, though this would degrade the effective Q of
the resonator [35].
The low state suppression was then analysed by
numerically evaluating the steady state solution of
(3). Inputs A and B were switched between 0 and
1 such that every state change was observed, for Pm
and ζ values. The output signal was then recorded,
normalised by Pm, to find the suppression of the low
state. For all simulations, the detuning was set to
maximise the high state as per (5).
Figure 4(a) shows the results of this simulation: a
maximum low state suppression of 13 dB is at-
tained when Pm ≈ 3.1, ζ ≈ 0.75, meaning our
demonstration of a suppression of 11 dB is near op-
timal. Figs. 4(c)-(e) show the results of the out-
put from the time-dependent model for inputs shown
in Fig. 4(b) and modulation parameters shown in
Fig. 4(a). Fig. 4(c) exhibits only a modest suppres-
sion of the signal when A = 1 and B = 1, however
this is improved for the higher Pm in Fig. 4(d).
Excess power in the resonator leads to a hystere-
sis effect that inhibits the correct logical operation.
This is shown in Fig. 4(e) where two high states have
not been accessed, with similar failures present for
all of the whitespace of Fig. 4(a). It is due to this
hysteresis induced limitation that the input bit se-
quence shown in Fig. 3 was used. This bit sequence
includes all possible input state switches and the cor-
rect output signal shows that this logic gate will work
4
Figure 4: Performance Analysis. (a) Suppression of low output state for different dimensionless modulation ampli-
tudes and offsets in dB. Low values indicate suitability for cascaded operation, which is improved for higher input
modulation amplitudes and offsets up to a maximum of 13 dB at Pm ≈ 3.1, ζ ≈ 0.75 (red cross). The whitespace
shows the regions for which the inability to correctly access all states inhibits the operation of the logic gate. (b)
Inputs A and B for the timestep simulation presented in (c)-(e). (c)-(e) Simulated output for different modulation
amplitudes at a modulation offset of ζ = 0.4. For low amplitude (c) the output is only suppressed to roughly 3 dB of
its maximum value. This suppression improves with a higher modulation amplitude (d), but eventually the system
stops behaving suitably (e): for sufficiently large input powers there are instances where the output state should be
high but it cannot reach this state because of hysteresis in the system.
for arbitrary input bit sequences. This ensures that
the logic gate can work with no dead-time in the in-
put signals, ensuring suitability for continuous data
processing applications (though arbitrarily high low
state suppressions are available if the device were to
operate on a return to zero input scheme as there is
no associated hysteresis induced power limit) [14].
The final performance characteristic of this device
is the speed at which it can operate. Here we have
demonstrated operation at 5 kbps, but the observed
response times of < 60 µs indicates that a bitrate
of 16 kbps could be achieved with our setup. These
switching speeds are limited by the cavity lifetime,
which is large for the high-Q cavity used, leading
to a compromise regarding the Q-factor: high Q-
factors allow low-power operation but the associated
long cavity lifetime limits the operation speed [14,36].
Using a smaller resonator with a higher nonlinearity
can mitigate this effect as a lower Q-factor is needed
for the same input power. A proposed silicon-nitride-
resonator-based logic gate would operate at sub-mW
input powers with a bitrate of the order of Gbps. An
extensive study into the switching dynamics of this
system is given in [37].
6 Conclusion
We have demonstrated all-optical, universal logic
gates based on the Kerr interaction of counter-
propagating light in a WGM resonator. This is the
first demonstration of such a device in which all sig-
nals operate at the same optical frequency, making
it a promising candidate for cascaded operation in
the all-optical routing and information processing of
optical signals. We demonstrate a device that op-
erates, for arbitrary input signals at a power differ-
ence of 11 dB between output high and low states.
Integration of such a device on-chip with a suitably
highly nonlinear resonator would allow for Gbps op-
eration for sub-mW input powers, with arbitrarily
high throughput efficiencies available with increasing
input powers. In particular, with improved microfab-
rication techniques, the presented optical logic gates
based on Kerr-interaction in microresonators could
pave the way for novel types of photonic integrated
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A Normalisation process
The dimensionless parameters herein used to describe
the changing field intensities are related to the corre-
sponding dimensional parameters of a critically cou-
pled system as follows [34]:
(a) ω0 is the cold cavity resonance frequency
(b) ωlas,i is the input laser frequency in direction i
(c) γ0 is the intrinsic half linewidth of the resonance
(d) κ is the linewidth associated with coupling to the
cavity
(e) n0 is the cavity (linear) refractive index
(f) n2 is the cavity intensity-dependent (nonlinear)
refractive index
(g) Aeff is the effective mode area
(h) ∆fFSR is the free spectral range of the resonator
(i) Pin,i is the input laser power in direction i
(j) Pcirc,i is the power in the circulating cavity mode
in direction i
The normalised detuning for propagating direction i
is the actual laser detuning (δi = ωlas,i − ω0) divided
by the loaded cavity linewidth (γ = γ0 + κ):
∆i =
−δi
γ
(7)
The characteristic power at which the Kerr effect is
observed is given by:
P0 =
pin0Aeff
n2QF0 (8)
where the intrinsic cavity finesse, F0 = pi∆fFSR/γ0
and the loaded cavity Q-factor, Q = ω0/2γ.
The normalised input power in direction i is then
given by:
p˜i =
ηPin,i
P0
(9)
where the coupling efficiency, η = 4κγ0/γ
2.
Finally, the circulating power in the cavity mode
in direction i is given by:
pi =
2piPcirc,i
F0P0 (10)
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